(Fv)-PE38. Anti-Tac(Fv)-PE38 is a recombinant protein composed of the variable heavy and light chains of a monoclonal antibody against human IL-2R␣ and fused to a truncated form of Pseudomonas exotoxin (PE38). This immunotoxin is internalized by the neuronal cells bearing human IL-2R␣. The exotoxin kills the cells, thereby leading to specific elimination of cells expressing IL-2R␣.
Metabotropic glutamate receptors (mGluRs) exert their effects on second messengers and ion channels via G proteins (for reviews, see Nakanishi, 1994; Pin and Duvoisin, 1995) . Among eight different mGluR subtypes, mGluR2 is expressed in a relatively limited population of neurons and in many cases is involved in the modulation of synaptic transmission of nonglutamatergic interneurons (Tanabe et al., 1992; Hayashi et al., 1993; Ohishi et al., 1993 Ohishi et al., , 1994 . This receptor is of particular interest in cerebellar function, because it is preferentially expressed in Golgi cells in the cerebellar cortex (Ohishi et al., 1994; Neki et al., 1996) . We here describe the application of IMCT to disrupt conditionally Golgi cells in transgenic mice and report the unexpected modulatory function of Golgi cells in compound motor coordination.
Results

Generation of Transgenic Mice Expressing Human IL-2R␣
We constructed two transgenes ( Figure 1A ). One construct consisted of the mouse 18.3 kb 5Ј-upstream genomic sequence containing the first and second exons of the mGluR2 gene, the human IL-2R␣ cDNA, and the sequence containing the polyadenylation signals (MG-I transgene). The other was the same as the above construct up to the human IL-2R␣ cDNA and then contained the jellyfish green fluorescent protein (GFP) cDNA fused in-frame to the human IL-2R␣ cDNA, followed by the polyadenylation signal (MG-IG transgene). We obtained 14 independent MG-I and 7 MG-IG transgenic lines in the C57BL/6 strain. These independent transgenic lines possessed 4-20 copies of the transgene at single but different chromosomal sites.
In situ hybridization analysis of transgenic mice showed a common expression pattern of IL-2R␣ mRNA in almost all transgenic lines ( Figure 1D ). Similar to mGluR2 mRNA, the IL-2R␣ mRNA expression was high in Golgi cells of the cerebellum, granule cells of the main and accessory olfactory bulbs, the pontine nuclei, and neuronal cells of the cerebral cortex in both MG-I ( Figure 1D ) and MG-IG transgenes (data not shown). Thus, the mGluR2 promoter region used is capable of directing a cell-specific expression of the mGluR2 gene. Interestingly, no appreciable IL-2R␣ mRNA was detected in granule cells of (C) A scheme of the synaptic circuit involving Golgi cells in the in situ hybridization. MOB, main olfactory bulb; AOB, accessory cerebellar cortex. ϩ and Ϫ denote the excitatory and inhibitory synaptic transmission, respectively. PC, Purkinje cell; GrC, granule olfactory bulb; DG, dentate gyrus; Cx, cerebral cortex; Cb, cerebellum; PN, pontine nuclei. cell; Mf, mossy fiber; Pf, parallel fiber; Cf, climbing fiber. (D) Negative film images of sagittal sections analyzed for the expres-(E) Cerebellar sections of wild-type and transgenic mice immunostained with anti-IL-2R␣ antibody. Scale bar, 100 m. sion of mGluR2 and IL-2R␣ mRNAs of the transgenic mouse by (F-M) Sections of wild-type and transgenic mice 3 weeks after immunotoxin injection were immunostained with antibodies directed against mGluR2, calbindin D, and parvalbumin (green) plus calbindin D (red) or stained by Nissl method. In (I) and (M), arrowheads indicate basket and stellate somata, while arrows mark basket cell axon terminals surrounding the initial segments of Purkinje cell axons. M, molecular layer; P, Purkinje cell layer; G, granular layer; W, white matter. Scale bars, 1 mm in (C); 100 m in (E) and (M).
IL-2R␣ immunoreactivity was seen throughout the cereillustrated in Figure 1B . In general, adult mice at the age of 7-8 weeks were used for immunotoxin injection. The bellar cortical layers in transgenic mice, but not in wildtype litter mates ( Figure 1E ). As representative transi.t. injection of immunotoxin was successful, as analyzed by mGluR2 immunostaining (see below), at more than genic animals, we used and characterized two MG-I transgenic lines (I1 and I2) and two MG-IG lines (IG16 90% of the trials. When the immunotoxin was appropriately injected into the subarachnoid space above the and IG17), all of which showed a high intensity of the hybridization signal and immunostaining of IL-2R␣ in cerebellum, a single injection of 50 ng per mouse frequently caused ataxia at days 4-5 after injection. This cerebellar Golgi cells but had no particular ectopic expression of this mRNA.
toxic effect was dose-dependent, and a single injection of 100 ng always caused ataxia at the same period. This ataxia gradually recovered about 2 weeks after injection, Specific Disruption of IL-2R␣-Expressing Golgi Cells by Immunotoxin Treatment and all immunotoxin-treated transgenic mice survived for at least 6 months. No such movement disorder was To disrupt conditionally Golgi cells expressing human IL-2R␣ in the cerebellar network ( Figure 1C ), antiobserved in any wild-type mice injected with 100 ng of the immunotoxin, nor in transgenic mice injected with Tac(Fv)-PE38 was administered intrathecally (i.t.) to adult transgenic mice with stereotactic techniques as phosphate-buffered saline (PBS) alone.
mGluR2 is highly expressed in Golgi cells with lower levels of expression also occurring in the cerebral cortex and precerebellar nuclei of the brain stem around the cerebellum . We quantified effective doses of immunotoxin injection and surveyed the distribution of immunotoxin-mediated cell ablation by serially dissecting brains of animals 3 weeks after immunotoxin injection. We limited the volume of the immunotoxindissolved PBS solution to 5 l to avoid a wide diffusion of injected immunotoxin. When brain sections of transgenic mice were analyzed by the mGluR2 antibody, mGluR2-immunoreactive Golgi cells were eliminated in a dose-dependent manner (data not shown). A single injection of 100 ng immunotoxin completely ablated Golgi cells at close proximity to the immunotoxin injection site ( Figure 2B ). However, mGluR2-immunoreactive Golgi cells located further from the injection site ( Figures  2C ) and those expressing low levels of mGluR2 around the cerebellum remained intact after injection of 100 ng immunotoxin (data not shown). In control, wild-type mice treated with 100 ng immunotoxin showed mGluR2-immunoreactive Golgi cells comparable to those of untreated control animals ( Figure 2A ). Similarly, mGluR2-immunoreactive Golgi cells were unchanged in transgenic mice injected with PBS alone (data not shown). Furthermore, GFP fluorescence, which was observed in slices of immunotoxin-untreated transgenic mice ( Figure 2D ), disappeared after immunotoxin treatment ( Figure 2E ). Therefore, to disrupt a large population of Golgi cells without affecting mGluR2-expressing cells in other brain regions, we adopted an injection condition of 100 ng immunotoxin in a 5 l solution.
We then addressed the key question of whether the immunotoxin specifically removes Golgi cells in the cerebellar neural network. Despite complete ablation of 
Motor Discoordination in Golgi Cell-Eliminated Transgenic Mice
When the footprint pattern was examined at a maximal Thereafter, they gradually recovered and eventually managed to stay on the rotating rod ( Figure 3B ). Howataxic phase of immunotoxicity, transgenic mice walked with small steps in a flat-footed, outward-angled manner ever, when the rotating speed was increased to 20 rpm, transgenic mice failed this task even 17 days after immu-( Figure 3A ). To more quantitatively evaluate motor disorders, we performed a rotorod test using a gritted roller.
notoxin injection ( Figure 3B ). We also performed a fixed bar test with three different widths of fixed bars (Figure When the rotorod was running at 10 rpm, immunotoxintreated transgenic mice showed increasing difficulty to 3C). Immunotoxin-treated transgenic mice failed to stay on any of the three bars at the ataxic phase. However, balance on the rotating rod and failed to manage this task 4-5 days after immunotoxin injection ( Figure 3B ).
they were able to stay on the wider bars at the chronic phase. Nevertheless, they still showed a difficulty in maintaining balance on the narrowest bar. These motor disorders were never observed in either immunotoxinuntreated transgenic mice or immunotoxin-treated wildtype mice ( Figures 3A-3C ). Therefore, disruption of Golgi cells initially caused acute motor disorders and then sustained a continuing disability to adapt to more challenging motor tasks. Furthermore, because the fixed bar test was performed without training, the difficulty in staying on the narrow bar at the chronic phase most likely reflects a defect of motor coordination rather than motor learning.
GABA Depletion by Golgi Cell Elimination
To examine depletion of an inhibitory GABA transmitter by Golgi cell elimination, we performed double immunostaining of cerebellar sections by combination of either mGluR2 antibody and GABA antibody or mGluR2 antibody and glutamic acid decarboxylase (GAD) antibody. GABA immunoreactivity was detected at the molecular, Purkinje cell, and granular layers in wild-type mice (Figure 4A) . In immunotoxin-treated transgenic mice, GABA immunoreactivity at the granular layer was greatly reduced at the ataxic phase ( Figure 4B ) and almost completely lost at the chronic phase of Golgi cell elimination ( Figure 4C ). This reduction and loss of GABA immunoreactivity correlated well with disappearance of mGluR2 immunoreactivity after Golgi cell elimination ( Figures  4A-4F ). Double immunostaining of mGluR2 and GAD revealed that most mGluR2-immunoreactive varicosities were GAD-immunoreactive at the granular layer of wild-type mice ( Figure 4G ). This double immunostaining was particularly clear at the glomerular structure (see inset of Figure 4G ). Similar to GABA immunoreactivity, GAD immunoreactivity was markedly reduced at the granular layer after immunotoxin treatment (Figures 4H and 4I) . Furthermore, although some GAD-positive varicosities remained at the chronic phase, no GAD-positive glomerular structures were detected at this phase ( Figure 4I ). In contrast, no difference in both GABA and GAD immunoreactivities was noted at the molecular and Purkinje cell layers of wild-type and immunotoxintreated transgenic mice. Immunoelectron microscope analysis was then performed to examine glomerular structures of wild-type and Golgi cell-eliminated transgenic mice. In wild-type mice, many GAD-positive products were observed at axon terminals of Golgi cells that made synaptic con- tive axon terminals were observed in some glomeruli at days (ataxic) and 3 weeks (chronic) after immunotoxin treatment as analyzed by double immunostaining with either antibodies directed against mGluR2 and GABA or those against mGluR2 and GAD. GABA and mGluR2 immunostainings are separately illustrated in (A)-(C) and (D)-(F), respectively, while mGluR2 (red) and GAD (green) treated wild-type mice shows dense GAD-immunoreactive products double immunostainings are shown in (G)-(I). Arrows indicate GABAin Golgi cell axon terminals (asterisks). These form synaptic contacts positive Golgi cell somata. Arrowheads point to glomeruli showing with granule cell dendrites around a mossy fiber terminal (Mf) in the a clear coimmunostaining of mGluR2 and GAD; a magnified view glomerulus. GAD-positive structures are lost in the glomerulus of of this structure is shown in an inset of (G). GABA and GAD immunotransgenic mice 3 weeks after immunotoxin injection. However, reactivities at the granular layer are reduced in good correlation asymmetrical synaptic contacts of a mossy fiber terminal with granwith disappearance of mGluR2 immunoreactivity. P, Purkinje cell ule cell (GrC) dendrites remain intact (see insets for magnified views layer; G, granular layer.
of these contacts taken from the areas indicated by arrows). Scale (J and K) Immunoelectron microscope analysis of immunotoxinbars, 100 m in (F) and (I); 1 m in (K).
the chronic phase of immunotoxin-treated transgenic a comparable bicuculline-mediated suppression of the decay of excitation was observed at the molecular layers mice (data not shown). However, all other glomeruli showed no such GAD-positive axon terminals (Figure of immunotoxin-treated wild-type and transgenic mice ( Figure 5A ). This finding is consistent with the general 4K). Whether these GAD-positive axon terminals are derived from incompletely disrupted Golgi cells or mGluR2-concept that basket and stellate cells, but not Golgi cells, are mainly responsible for synaptic inhibition at negative GABAergic neurons remains to be determined. Importantly, other elements of the glomerular structure the molecular layer (Andersen et al., 1964; Eccles et al., 1967) . Fourth, immunotoxin-treated transgenic and remained unchanged; these include dendritic protrusions of granule cells, mossy rosette ( Figure 4K ), and wild-type mice showed a clear difference in the decay kinetics of neuronal excitation at the granular layer with synaptic contacts between a mossy fiber terminal and granule cells (see inset of Figure 4K ). These results indiand without bicuculline perfusion ( Figure 5A ). In some cases, bicuculline applied to the wild-type slice slightly cate that Golgi cell elimination depletes an inhibitory GABA transmitter from Golgi cells but keeps the princienhanced the early phase of excitation (data not shown). However, the main effect of bicuculline application was pal excitatory circuit of mossy fiber-granule cells.
to prolong excitation maintaining a plateau phase over 15 ms, followed by a gradual declining phase ( Figure  Optical Recording of Neural Activity 5B). In contrast, there was no difference in the temporal in Cerebellar Slices excitation pattern with and without bicuculline in immuTo investigate the overall effect of Golgi cell ablation notoxin-treated transgenic mice ( Figure 5B ). This indion both spatial and temporal excitatory propagation of cates that GABA-mediated feedback inhibition on granneuronal activity, we performed optical recording with ule cell excitation is abolished by Golgi cell elimination. the aid of voltage-sensitive dye, RH482. Because appreFifth, unexpectedly, the decay kinetics of depolarization ciable amounts of Golgi cell axon terminals still remained in transgenic slices resembled those of bicucullineat the ataxic phase, we focused on optical responses untreated rather than bicuculline-treated slices of wildat the chronic phase of Golgi cell ablation. Horizontal type mice ( Figure 5B ). This finding was more explicitly sections of cerebellar slices were prepared from transrevealed when both the time to peak and responses at genic and wild-type mice treated with the immunotoxin. the delayed excitation (18.5 ms after stimulation delivStimulation of a brief pulse (100 s) at the white matter ery), relative to those at the early excitation (5.5 ms), just beneath the granular layer first evoked a horizontal were compared with the bicuculline-treated and unspread of excitation at the granular layer and then a treated slices of transgenic and wild-type mice ( Figure  vertical propagation toward the cortical surface from 5C). This indicates that Golgi cell elimination diminishes the granular layer to the molecular layer ( Figure 5 ). The a slow excitatory component of granule cells that is rapid time course of optical responses indicated that sensitive to GABA-mediated inhibition. they arose from neuronal, not glial, membranes (Konnerth et al., 1987; Tanifuji et al., 1994) . Both horizontal and vertical propagations were almost fully blocked by Attenuation of NMDA Receptors in Granule Cells by Golgi Cell Elimination the addition of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) type glutamate receptor antag-NMDA receptors are highly expressed in granule cells of the cerebellum (Akazawa et al., 1994) and display onist, 6-cyano-7-nitroquinoxaline-2,3-dione (data not shown). The bulk of these AMPA receptor-mediated slow kinetics in both the rise and decay of depolarization (Silver et al., 1992) . We analyzed the nature of the propostsynaptic responses arose in granule cells because these cells provided the largest postsynaptic membrane longed depolarization observed in bicuculline-treated wild-type slices by the addition of the NMDA receptor anfraction in the granular layer. To investigate the GABAmediated inhibitory mechanism of Golgi cells (Eccles et tagonist, D-2-amino-5-phosphonovalerate (D-APV). D-APV added to bicuculline-treated wild-type slices greatly al., 1964; Puia et al., 1994) , we also examined the effect of the GABA A receptor antagonist, (Ϫ)-bicuculline methdiminished the prolonged depolarization sensitive to GABA inhibition ( Figure 5D ). Furthermore, the kinetic ochloride (bicuculline), on optical responses in slice preparations of the two genotypes.
pattern generated was similar to that of bicucullineuntreated slices ( Figure 5D ). This finding indicates that The intensity of optical responses and the range of spread varied among different slices. However, several the GABA-mediated feedback inhibition effectively suppresses NMDA receptor activation. More importantly, characteristic features of optical responses observed in the two genotypes can be summarized as follows. First, D-APV had no effect on the temporal pattern of bicuculline-treated slices that were prepared from immunothe spatiotemporal pattern of excitation as well as the effect of bicuculline on the excitatory propagation in toxin-injected transgenic mice ( Figure 5D ). These results indicate that Golgi cell elimination attenuates functional cerebellar slices was unaltered between immunotoxintreated and untreated wild-type mice (data not shown).
NMDA receptors that are responsive to GABA inhibition. To obtain direct evidence indicating the attenuation Second, in wild-type mice, bicuculline spatially suppressed a decay of optical responses at the granular of functional NMDA receptors in granule cells at the chronic phase of Golgi cell elimination, we recorded layer after stimulation ( Figure 5A ). In comparison, no obvious spatial suppression by the addition of bicuculexcitatory postsynaptic currents (EPSCs) elicited by mossy fiber stimulation. Whole-cell patch-clamp reline was detected in the granular layer of immunotoxintreated transgenic mice ( Figure 5A ). This indicates that cordings from granule cells in cerebellar slices were conducted under voltage clamp at the holding potential GABA-mediated lateral inhibition is diminished by Golgi cell elimination. Third, in contrast to the granular layer, of Ϫ60 mV. In wild-type slices, mossy fiber stimulation evoked EPSCs that consisted of a fast component and slow components represent the activation of AMPA and NMDA receptors, respectively. Both components of a following slow component ( Figure 6A ). The fast and slow components were abolished by bath application EPSCs were elicited in an all-or-none fashion as the stimulus intensity was gradually increased. This indiof an AMPA receptor antagonist, 6-nitro-7-sulphamoylbenzo[f]quinoxaline-2, 3-dione (NBQX) (data not shown), cates that both responses originate from single mossy fiber inputs. Amplitudes of the AMPA receptor compoand an NMDA receptor antagonist, 3-([R]-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP), respecnent varied from cell to cell in both wild-type and transgenic mice treated with immunotoxin ( Figure 6B ). tively ( Figure 6A ). This result indicates that the fast and
Discussion
In this investigation, we applied IMCT technology to conditionally disrupt cerebellar Golgi cells that expressed the human IL-2R␣ transgene which was under the control of an mGluR2 promoter. In these transgenic mice, a single i.t. injection of the immunotoxin specifically eliminated Golgi cells without affecting other cell types in the cerebellum. These transgenic mice initially showed severe acute motor disorders, and thereafter gradual recovery was observed. However, the recovery was incomplete, and mice failed to manage more challenging motor tasks. Immunocytological analysis and optical recording indicated that Golgi cell elimination diminished a feedback GABA inhibition which acts on granule cell via the mossy fiber-granule cell-parallel fiber-Golgi cell circuit ( Figure 1C ). This study further revealed an unexpected mechanism in which prolonged ablation of Golgi cells resulted in attenuation of functional NMDA receptors at granule cells. Thus, this study demonstrates that Golgi cells are essential for compound motor coordination. Furthermore, a synaptic integration derived from GABA-mediated inhibition and NMDA receptor activation of granule cells is critical for such compound movements. D 'Angelo et al., 1994 'Angelo et al., , 1995 , we propose the following Wild-type and transgenic mice 3 weeks after immunotoxin injection mechanisms underlying perturbation and adaptation at were used in all experiments. In (B) and (C), eight wild-type and three transgenic animals were used. the mossy fiber-granule cell synapses after Golgi cell ablation (Figure 7) . Mossy fibers are capable of firing at high frequencies exceeding 100 Hz (Kase et al., 1980) . However, no statistical difference in average amplitudes Because NMDA receptors show slow kinetics of depoof the AMPA receptor component was noted between larization, they are thought to be important for the the two genotypes ( Figure 6C) . Amplitudes of the NMDA temporal summation of repetitive stimulation by mossy receptor component of wild-type mice also varied from fibers (Gabbiani et al., 1994; D'Angelo et al., 1995) . Howcell to cell and increased almost in parallel with increasever, each Purkinje cell receives more than 100,000 paring levels of AMPA receptor-mediated responses (Fig- allel fibers (Napper and Harvey, 1988) , and it is expected ure 6B). In immunotoxin-treated transgenic mice, apprethat granule cells reduce and filter the high-frequency ciable levels of NMDA receptor-mediated responses stimulation of mossy fibers before distributing this prowere observed in some cases, but these responses were cessed information to Purkinje cells (Marr, 1969 ; Gabbiclearly lower than those of wild-type mice even at high ani et al., 1994). In fact, GABA A receptors are concenlevels of AMPA receptor-mediated responses ( Figure  trated in the synaptic junctional membrane of granule 6B). Evoked EPSCs in granule cells of immunotoxincells opposite to the GABA release site of Golgi cells treated transgenic mice therefore mainly constituted the (Nusser et al., 1995) , and granule cell excitation is modu-AMPA receptor component ( Figure 6A) . As a result, the lated by GABA-mediated inhibition derived from Golgi average amplitude of NMDA receptor-mediated recells (Gabbiani et al., 1994; Brickley et al., 1996) . Furthersponses and the relative ratio of NMDA:AMPA receptormore, this GABA inhibition has been shown to be effimediated responses, at individual recordings of granule cient in reducing the slow currents of NMDA receptors cells, were reduced in immunotoxin-treated transgenic (Gabbiani et al., 1994) . The present study demonstrates mice to about one-third of wild-type mice ( Figure 6C) . not only that GABA transmitter is markedly reduced at The results using whole-cell recordings thus explicitly the ataxic phase but also that the interaction between demonstrate that functional NMDA receptors are attenuaxon terminals of Golgi cells and granule cells is disrupted at this stage. Although this deteriorating acute ated after Golgi cell ablation. This model suggests that NMDA receptors are overstimulated in the absence of GABA-mediated inhibition at the ataxic phase after Golgi cell disruption. At the chronic phase, a reduction of functional NMDA receptors occurs and synaptic transmission is adapted so as not to overexcite granule cells (see text for details). A, AMPA receptor; G, GABA A receptor; N, NMDA receptor; GrC, granule cell; GC, Golgi cell; Mf, mossy fiber.
effect on mossy fiber-granule cell excitatory transmisquickly rotating rod (Kadotani et al., 1996) . Thus, the movement disorders of Golgi cell-ablated transgenic sion remains to be studied, it would be reasonable to assume that a reduction of the powerful GABA-mediated mice closely resemble those of NR2A/NR2C double knockout mice. This resemblance further supports our inhibition on granule cell excitation would overexcite granule cell outputs at the ataxic phase and would thus proposal that NMDA receptors in granule cells are critical in integration of synaptic information for processes cause severe acute motor disorders (Figure 7) .
The firing of granule cells is known to require the underlying compound movement. One of the outstanding features of the brain is that the activation of more than one mossy fiber (Gabbiani et al., 1994; D'Angelo et al., 1995) , and NMDA receptors have functional deficit which occurs at acute brain damage is often recovered at the chronic phase. This recovery is been shown to play a crucial role in integrating mossy fiber inputs (Gabbiani et al., 1994; D'Angelo et al., 1995;  thought to result from the flexibility and plasticity of other intact brain regions to compensate such brain Kadotani et al., 1996) . First, because NMDA receptor currents continue over long time periods, they have a dysfunction. Here, we discuss an additional novel mechanism: a defect of the brain function can be at least partly priming effect that enables suprathreshold mossy fiber excitation to evoke an action potential by subsequent compensated by an adaptive modification of synaptic integration. An interesting implication of this study is its mossy fiber inputs (Gabbiani et al., 1994) . This effect is thought to be of physiological significance for synaptic suggestion that synaptic modification and plasticity are important not only for expression of integrative brain integration of closely spaced mossy fiber inputs. Second, the phase relationship of two mossy fiber inputs function but also for compensation of brain dysfunction. is critical for their efficient summation of mossy fiber inputs (Gabbiani et al., 1994) . Furthermore, the phase
Experimental Procedures
relationship for the efficient transmission of the two mossy fiber inputs is more restricted under the GABAGeneration of Transgenic Mice mediated tonic inhibition, with maximal efficacy ocThe 5Ј-upstream mGluR2 genomic DNA was isolated from the 129/ curring at coinciding inputs (Gabbiani et al., 1994) .
SvJ mouse genomic DNA library (Yokoi et al., 1996) . For the conTherefore, NMDA receptors in conjunction with their struction of the MG-I transgene, the 18.3-kb 5Ј-upstream mGluR2 genomic DNA that started with 49 bp upstream from the translation modulation by GABA inhibition are thought to be critical initiation site in exon 2 and contained exon 1 in the further upstream for synchronous tuning of granule cell excitation during region was fused to 49 bp upstream of the translation initiation site stimulation by mossy fiber inputs (Gabbiani et al., 1994) .
of the human IL-2R␣ cDNA of the pDIL plasmid (Kobayashi et al., Hence, a reduction of NMDA receptor activity would 1995). The pDIL plasmid also contained the rabbit ␤-globin and perturb synaptic integration at the mossy fiber-granule
Intrathecal Injection
GAD-positive axon terminals, the EPSC data from these two particular granule cells were omitted from the analysis. Anti-Tac(Fv)-PE38 was purified from Escherichia coli strain BL21 (DE3) as described previously (Chaudhary et al., 1989) . Mice were anesthetized with sodium pentobarbital and surgically implanted Behavioral Analysis with a 26-gauge guide cannula into the subarachnoid space above Footprint analysis was carried out as described by Aiba et al. (1994) , the cerebellum. At days 5-7 after surgery, 5 l immunotoxin (20 g/ while the rotorod and fixed bar tests were performed as described ml PBS) was injected as described previously (Kobayashi et al., by Kadotani et al. (1996) . 1995).
Statistical Analysis Histological Analysis
Analysis for optical recordings and the fixed bar test was carried Animals were deeply anesthetized with sodium pentobarbital, and out by ANOVA, and post hoc comparisons were made with Scheffé their brains were dissected rapidly. In situ hybridization was pertest. Analysis for whole-cell recordings and the rotorod test was formed with a 35 S-labeled antisense probe covering a part of rat carried out by Mann-Whitney's U test. mGluR2 mRNA or human IL-2R␣ mRNA. No significant hybridization was observed in control experiments using the corresponding sense Acknowledgments probes in adjacent sections. Light and electron microscope analyses of immunostained sections were carried out as described preWe thank Kumlesh K. Dev for careful reading of this manuscript, viously (Ohishi et al., 1994) . The antibodies used were obtained from Peter Somogyi and Hirohide Sawada for invaluable advice, and Akira the following sources: rat mGluR2 antibody (Lujan et al., 1997) ;
Uesugi for photographic assistance. This work was supported in antibodies against human IL-2R␣ (DAKO), calbindin D (Sigma and part by research grants from the Ministry of Education, Science and SWant), and parvalbumin (Sigma); GAD antibody (CHEMICON); and Culture of Japan, the Sankyo Foundation, the Yamanouchi Founda-GABA antibody (Sigma). GFP fluorescence was visualized without tion, the Biomolecular Engineering Research Institute, CREST, and fixation as described previously (Moriyoshi et al., 1996) .
the International Resource Program of the National Cancer Institute. Received February 26, 1998; revised August 21, 1998 . Cerebellar slices (300 m) were continuously superfused with oxygenated Krebs-Ringer solution consisting of 124 mM NaCl, 1.8 mM References KCl, 1.24 mM KH 2 PO 4 , 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM glucose. In some experiments, 50 M bicuculAiba, A., Kano, M., Chen, C., Stanton, M.E., Fox, G.D., Herrup, K., line and 100 M D-APV in Krebs-Ringer solution were perfused for Zwingman, T.A., and Tonegawa, S. (1994) . Deficient cerebellar long-30 min and 1 hr, respectively, and optical responses were recorded term depression and impaired motor learning in mGluR1 mutant in the presence of these antagonists. Each slice was stained with mice. Cell 79, 377-388. voltage-sensitive dye, RH482, at 0.2 mg/ml for 15 min. RH482-Akazawa, C., Shigemoto, R., Bessho, Y., Nakanishi, S., and Mizuno, loaded slices were mounted on an inverted microscope (IMT-2, N. (1994) . Differential expression of five N-methyl-D-aspartate recepOlympus) that was equipped with an objective lens (PlanApo ϫ10, tor subunit mRNAs in the cerebellum of developing and adult rats. 0.45 numerical aperture, Nikon) and an illumination system. The J. Comp. Neurol. 347, 150-160. recording system consisted of a camera head with a 128 ϫ 128 Albus, J.S. (1971) . A theory of cerebellar function. Math. Biosci. 10, photodiode array. The illumination and recording systems were de-25-61. scribed by Tanifuji et al. (1994) . The tungsten bipolar stimulation Andersen, P., Eccles, J.C., and Voorhoeve, P.E. (1964) . Postsynaptic electrode was placed in parallel with the white matter of a cerebellar inhibition of cerebellar Purkinje cells. J. Neurophysiol. 27, 1138-slice, where the cathode of the electrode was positioned beneath 1153. the granular layer. Optical recording procedures were followed by Tanifuji et al. (1994) . The decay of optical response due to photoBreitman, M.L., Clapoff, S., Rossant, J., Tsui, L.C., Glode, L.M., bleaching was calculated by linearly interpolating a baseline and Maxwell, I.H., and Bernstein, A. (1987) . Genetic ablation: targeted then corrected. Field potentials were continuously recorded at the expression of a toxin gene causes microphthalmia in transgenic granular layer throughout the experiment to confirm that the optical mice. Science 238, 1563 Science 238, -1565 . signals recorded reflected the neuronal activity (Tanifuji et al., 1994) .
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